Nomenclature
Introduction

Micro total analysis systems
Isolation of bio-molecules, cells, and pathogens for immunoassays has been a key research area and a critical component in microfluidic systems. Such microfluidic devices use small volumes of reagents leading to faster analysis and quicker response times [1] . Conventionally, target cells are detected by enumeration methods, biochemical testing, cell culture, microscopy, and flow cytometry. Integrating the laboratory scale detection methods onto a microfluidic platform simplifies sample preparation steps, causes minimal perturbation of samples and reagents, and provides measurement data at the point-of-care [2] .
Magnetophoretic separation based immunoassay technique
The term 'immunoassay' refers to the different dosing methods that take advantage of the specific bonding between the antibodies and target antigens. Magnetophoretic separation based immunoassay is a popular technique in which magnetic microbeads (mMBs), conjugated with antibodies against specific cell surface epitopes, are used to tag cells of interest [3] [4] [5] [6] [7] [8] [9] . Research on the medical applications of magnetic micro and nanobeads was pioneered by Baselt and Miller [10, 11] at the Naval Research Labs where they demonstrated the use of superparamagnetic mMBs as 'magnetic labels' on biosensing platforms. The micrometer (μm)-sized magnetic carriers typically consist of iron oxide (Fe 2 O 3 or Fe 3 O 4 ) nanospheres embedded into a polystyrene substrate with specific antibodies attached on the outer surface of the polymer matrix [12] . Cell separation from the microfluidic flow is achieved by applying a magnetic field gradient to impart magnetophoretic mobility to the tagged cells. The manipulation of these tagged target biomolecules is very effective in microfluidics since the magnetic interactions are generally not affected by surface charges, pH, ionic concentrations or temperature [13] . Magnetic labeling is more robust than fluorescent labeling because, unlike fluorescence, magnetic properties of mMBs cannot be quenched at normal working temperatures [4] .
The mMBs can be functionalized with a variety of antibodies. They have a large surface area-to-volume ratio for binding with the specific antigens and the attached biomolecules typically experience minimal disturbance during the magnetic separation process [4, 14, 15] . The mMBs are superparamagnetic, i.e. they are attracted to a magnetic field but do not retain any residual magnetism after the field is removed [4, 6] . The mMBs tagged with the cells do not agglomerate or stay suspended in the solution after removal of the magnetic field. These characteristics make magnetophoretic separation ideal for integration onto a microfluidic device. This current study demonstrates the capture of mMBs tagged with antibodies being driven through the microchannel by EOF. The binding of the target cells (antigens) with the immobilized mMBs (tagged with antibodies) and any flow of cell-microbead complex were not a part of this study. Thus, this study evaluated the event of capture of mMBs tagged with antibodies in the microchannels, prior to the injection of cell samples.
The mMBs are immobilized by applying an external magnetic field using either permanent magnets or electromagnets integrated into the microchannel. Although electro-magnets are flexible because electric current can be switched on and off and the magnetic field strength can be tuned, their magnetic fields are very small compared to permanent magnets (mT range for electromagnets compared to 0.5-1 T for permanent magnets) [4] . When using higher currents to generate higher magnetic fields in electromagnets, Joule heating could also be a potential issue [16] . Because of these drawbacks, a neodymium (NdFeB) permanent earth magnet was used in this study. NdFeB is the strongest known permanent magnetic material [17] . It creates field patterns that decay exponentially in space, generating a large magnetic field gradient [18] , and as a result, creating large magnetic forces [19] .
Previous studies and designs
Morimoto et al [20] developed a microfluidic system where target mMBs were immobilized on a substrate and were used to capture columnar mMBs. NdFeB magnetic grains assembled onto a microfluidic chip to form alternating magnetic dipoles have been reported to efficiently remove magnetically tagged cells from suspension [19] . The use of magnetic arrays and patterned micro-magnets to distribute a strong magnetic field perpendicular to the flow has also been shown to improve the mMB capture in microfluidic channels [8, 15, 21, 22] .
To capture mMBs in microfluidic devices, researchers have developed variations in the designs of electromagneticbased separators such as magnetic micro-pillar arrays [23] , electromagnetic tips [24] , permalloy nanostructures [25] , and micro-electromagnets with different planar geometries [14, 26, 27] , and have also assessed the thermal dissipation from the wires or conducting coils in a microfluidic system [28] . Other studies have demonstrated the use of NdFeB magnets in their device to trap the mMBs [21, 29] .
The application of microwells to immobilize mMBs was evaluated by Thompson et al [30] . Their device could detect multiple targets simultaneously, but the capture efficiency using this process was low (~13%). Cho et al [31] and James et al [32] demonstrated the capture of mMBs at higher flow rates by using the combined effects of dielectrophoresis and magnetophoresis. In recent times, droplet microfluidics has also been employed to separate mMBs by applying electrostatic forces [33] . Beyor et al [7] demonstrated the concept of pulsatile flow to improve η c of mMBs (up to ~70%) using special pumps to create back flow in microchannels. However, their system required a complex pumping mechanism for driving the sample solution back-and-forth in the channel multiple times.
While these prior studies describe different techniques for capturing mMBs using varying channel designs and magnetic field configurations, there exists limited literature on techniques to improve the capture of mMBs without design complexities in the flow path (discussed below) and magnetic field configurations. The performance of such a microfluidic device would depend upon the capture efficiency (η c ) of mMBs which is the ratio of number of mMBs captured to the number of mMBs injected into the channel [34] .
Proposed design based on electroosmotic flow (EOF)
Flow in microfluidic devices can be either pressure driven or electrokinetically driven. Electrokinetically driven flows, such as EOF, have advantages due to the absence of mechanical pumps which are sometimes inefficient and difficult to build at small scales [35] [36] [37] . We used EOF for driving the mMBs in the microchannel due to the greater flexibility in controlling the magnitude, and more importantly the direction of the flow, by varying the electric field in the channel. Past studies have shown that using multiple bifurcations in the channels ensures uniform distribution of the mMBs and can improve the η c [38] . However, flow bifurcations are not required when using EOF because of its plug-flow profile which ensures a uniform distribution of mMBs in a single straight microchannel.
For efficient detection of target cells and biomolecules, it is essential to ensure successful capture (or immobilization) of these mMBs so that the target cells can form conjugates with the antibodies. Studies have shown that significant number of mMBs escaped the magnetic field because the momentum of these particles in the flow overcame the magnetic force [34, 39] . Our previous studies [18, 40] using computational models had also indicated that mMBs escaped the magnetic field when the fluid momentum overcame the magnetic force. As a result, these mMBs were discharged through the outlet of the microfluidic system and remained unused.
Poor mMB retention results in sample loss and reduces the ability of the device to detect target pathogens efficiently, which in-turn affects the sensitivity of the lab-on-chip system [41] . An increased capture of antibody-labeled mMBs ensures that the target pathogens have a higher probability of being detected in the microfluidic device, particularly in dilute samples. Therefore, higher mMB retention is a necessary first step towards building a system for magnetophoretic immunoassay. To ensure optimum capture of these mMBs, it is necessary to ensure that they flow in a region where the magnetic force can overcome the fluid momentum. While several studies have developed novel techniques for capturing mMBs by various channel configurations and magnetic field gradients, very few studies have focused on the type of flow that can augment the η c . It was hypothesized that altering the direction of flow in the channel could recover the mMBs that initially escaped the magnetic field, thus improving the η c in the microfluidic system. Flow reversal within the channel would cause a momentary drop in the mMBs' velocity, allowing the magnetic force to overcome the momentum of the flowing mMBs and resulting in their capture. Also, reversing the flow near the magnet would increase the residence time of the mMBs in a region of higher magnetic field, thus increasing their probability of getting captured. The comparison of η c was made for steady and time varying electric field driven-EOF, particularly at higher electric fields. The objective of the current study was to develop a microfluidic device for experimentally verifying the proof-of-concept, enhanced capture of mMBs due to EOF switching, that was reported in our previously published numerical study [18] .
Methods
This section describes the fabrication technique of the microfluidic device, materials used, and the design of experiment. In this study, fluorescence-labeled mMBs were injected into a rectangular polydimethylsiloxane (PDMS)-glass microchannel and driven electrokinetically using a high voltage sequencer. In the microchannel, the mMBs were subjected to an external magnetic field that immobilized them in the microfluidic device. This immobilization of the fluorescence-labeled mMBs was characterized using an inverted epifluorescence microscope. The fluorescent images were used to quantify the captured mMBs, and hence the η c , using the image processing toolbox in MATLAB (MathWorks Inc., Natick, MA, USA). The η c was assessed for flow with and without sequential switching of the electric field.
Fabrication of the microchannel
The microfluidic device was cast in PDMS using standard soft lithography technique. A 50 μm thick layer of SU-8 photoresist (MicroChem, Newton, MA, USA) was spun-coated on a bare silicon wafer. Using conventional photolithography, UV light was directed through a mask with a rectangular window, 50 μm (W) × 50 mm (L), and the exposed photoresist was developed to obtain the patterned wafer. The patterned wafer was then treated with SigmaCote ® (Sigma Chemical Co., St Louis, MO, USA) to facilitate the PDMS mold release after casting. A mixture of PDMS pre-polymer and curing agent (Sylgard 184, Dow Corning, Midland, MI), in the ratio of 10:1 by weight, was cast on the SU-8 master to replicate the microchannel features. A permanent slot for placing the magnet was made during PDMS casting. The magnetic slot was at a distance of 25 mm from the reservoirs and at a height of 5 mm from the top surface of the channel. Following the curing of the polymer, the PDMS mold was peeled off from the SU-8 master. The holes for sample and buffer reservoirs were cut using a 6 mm core borer. Finally, the PDMS mold was bonded to a 1 mm thick glass slide using a hand-held corona discharge device. A thin glass substrate was chosen to minimize background fluorescence. The final rectangular microfluidic channel was 5 cm long, with a cross section of 50 μm × 50 μm. The dimensions of this PDMS-glass microfluidic chip are illustrated in figure 1(a).
Material properties
The mMBs used in the experiments were Dynabead ® M280 Sheep anti-Rabbit IgG (Invitrogen, Carlsbad, CA, USA). To generate the external magnetic field for immobilizing these mMBs, a 3/8″ cubic NdFeB (grade N42) permanent magnet (K&J Magnetics, Jamison, PA, USA) was used. To visualize and quantify the number of mMBs immobilized in the microchannel, these microbeads were tagged with the fluorescent marker Alexa Fluor ® (Molecular Probes Inc. Eugene, OR, USA). To bind the mMBs with this fluorescent marker, 100 μl of Alexa Fluor ® 488 Rabbit Anti-Mouse IgG (concentration of 10 μg ml
) was incubated with 900 μl of Dynabead ® M280 (Concentration of 2 × 10 7 beads ml −1 ) by slow tilt mixing for 24 h at 8 °C [42, 43] ; (Also, authors acknowledge Dr Jagjit S Yadav for sharing the protocol for fluorescent tagging of mMBs). These fluorescent marked mMBs were suspended in 15 mM phosphate buffer (PBS, pH 7.5) to achieve the desired concentrations for the experiments (C 1 = 1 × 10 6 , C 2 = 2 × 10 6 beads ml −1 ).
Experimental method
Channel pre-treatment.
To ensure that the microchannel was adequately charged for driving the EOF when an external electric field is applied, the channel walls were treated with 1 M NaOH (sodium hydroxide) solution for 10 min. Prior to each experiment the channel was primed with 1% Tween 20 solution (PEG (20) sorbitanmonolaurate) (Sigma Chemical Co., St Louis, MO, USA) for 5 min. This step was necessary to decrease the surface tension and prevent the mMBs from sticking to the microchannel walls [44] . After priming, the microchannel was washed with PBS buffer for an additional 5 min.
Measurement of zeta potential.
Zeta potential is an important parameter which determines the EOF rate when an external electric field is applied. The details of how zeta potential was measured for our microfluidic channel, and the comparison of our measured values with literature [36, [45] [46] [47] , is discussed in appendix A. Briefly, PBS at concentrations of 10 and 20 mM were added to the inlet and outlet reservoirs, respectively. When an external electric field was applied, the high concentration buffer (20 mM) replaced the low concentration buffer (10 mM) in the channels. The slope from the current-time curve was used to determine the zeta potential of our PDMS-Glass microchannel using the formulation given by Sze et al [45] . The objective of reporting the measurement of zeta potential in this study was to evaluate the performance of the microfluidic device for different voltage potentials.
Experiments with mMBs for η c .
After the channel pre-treatment was completed, the mMBs were injected into the inlet reservoir and the microfluidic chip was placed on the stage of an inverted epifluorescence microscope (Nikon Eclipse TE-2000). A 16 bit CCD camera (Roper ScientificPhotometrics, Tucson, AZ, USA) was used to capture high speed images of the mMBs at 10X magnification. A xenon arc lamp (Sutter Instrument Company, Novato, CA, USA) was used as the fluorescence excitation source with a filter cube for Alexa Fluor ® 488 (excitation wavelength: 495 nm, emission wavelength: 519 nm).
The fluorescent images of the mMBs were recorded using MetaMorph software (Universal Imaging Corp., Sunnyvale, CA, USA). Two platinum electrodes, connected to a high voltage sequencer unit HVS448 (LabSmith, Livermore, CA, USA) were placed in the inlet and outlet reservoirs. The electrodes supplied the external voltage for generating the electric field that drives the EOF. The flow was driven at 100-180 V cm −1 (500-900 V) for 20 min (table 1(b)) and images were taken at the end of each experiment. These fluorescent images were taken in a region underneath the magnet, hereby referred to as the capture zone, where the majority of the mMBs were immobilized. For experiments with sequential switching, the flow was driven by an electric field which was reversed periodically (with a time period of 3 min) and this led to the switching of flow field within the microchannel (table 1(c)). The electric field conditions for the steady state and switching flow fields are discussed in sections 3.1 and 3.2, respectively. The experimental setup is shown in figure 1(b) . The design of the microfluidic device and the process parameters used in the experiments are summarized in table 1. The dimensions of the fabricated microfluidic channel were based on (a) commonly used microchannel geometry for capture of mMBs [7, 48] , and (b) our recent microfluidic experiments with EOF Bead concentrations (beads ml
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was based on commonly-used values in similar microfluidic devices [50] . Higher electric fields (>600 V cm
) were avoided in the experiments to minimize Joule heating. This ensured steady and uninterrupted EOF [51] .
Fluorescence quantification of mMBs
The coating of the fluorescent marker (Alexa Fluor ® 488) enabled the quantification of immobilized mMBs in the capture zone based on the fluorescence emitted under excitation. The details of quantifying the images of fluorescent mMBs using image processing are given in appendix B. In order to determine the efficacy of the fluorescence-based quantification technique, a calibration plot was made for the mMBs labeled with Alexa Fluor ® 488. From a stock concentration of 2 × 10 7 beads ml −1 , the solution was diluted and mounted on glass slides. Fluorescent images of the mMBs were taken at 6 different concentrations: 1 × 10 5 , 2 × 10 5 , 1 × 10 6 , 2 × 10 6 , 1 × 10 7 , and 2 × 10 7 beads ml −1 ( figure 2(a) ) and analyzed for their pixel count (RGB: 200, 200, 200). The calibration curve, presented in figure 2(b) , shows a significant linear correlation (R 2 = 0.98) indicating that the fluorescence-based quantification technique can distinguish the variations in the mMB concentration.
Results
The effects of varying-electric field driven-EOF on immobilization of mMBs in the microchannel are discussed in this section. This is accomplished by analyzing the η c under two different conditions: (a) steady electric field in the range of 100-180 V cm , and (b) varying electric field caused by sequential switching of voltage directions. The η c was assessed using the fluorescent images of the immobilized mMBs in the capture zone of the microchannel. The relative increase in η c and reduced loss of mMBs using switching was quantified in relation to steady electric field EOF. The current experimental study was conducted to verify the proof-of-concept on enhanced capture of mMBs due to EOF switching that was reported in our previously-published numerical study [18] . , 150 V cm −1 , and 180 V cm −1 , with the outlet set at ground. The η c was evaluated for a unidirectional flow driven by the steady electric field for 20 min. During the experiments, the capture zone underneath the magnet was monitored. The superparamagnetic mMBs followed the fluid streamlines in the media until they reached a region of strong magnetic field near the permanent magnet, where they were pulled transverse to the flow direction towards the magnet placed above the microchannel. The mMBs were immobilized when the magnetic force was able to overcome their axial momentum in the direction of flow. The fluorescent images of the immobilized mMBs in the capture zone are shown in figure 3 for flow under lower (100 V cm −1 ) and higher (180 V cm −1 ) electric fields. Each experiment was repeated three times (n = 3) and the data was plotted to study the variation of fluorescence intensity (pixel count) with applied electric field, at the selected concentrations of C 1 and C 2 . The EOF switching experiments were conducted at two different mMBs concentrations to evaluate their effect on η c .
Variation of mMB capture with varying steady electric
fields. The variations in fluorescence intensity (number of captured mMBs) versus electric field, for C 1 and C 2 , are shown in figure 4(a) . When a higher concentration of microbeads (C 2 = 2 × C 1 ) flowed through the microchannel, there was an increase in the number of mMBs immobilized by the magnet. At a fixed electric field, the absolute fluorescence figure  4(a) ). To quantify the effects of electric field on the η c without the effect of the initial mMB concentration, the normalized fluorescence intensity of immobilized mMBs was plotted in figure 4(b) . The normalization was done with respect to the pixel count at 100 V cm −1 for each concentration (C 1 and C 2 ). A significant correlation for changes in the absolute ( figure 4(a) ) and the normalized fluorescence intensity ( figure 4(b) ) with applied electric field (C 1 : R 2 = 0.99; C 2 : R 2 = 0.99), showed that the η c of mMBs decreased with increase in electric field.
Capture efficiency for sequentially switched electric field
Experimental conditions.
To evaluate the effects of switching on the η c of mMBs in the microchannel, the flow was driven for 20 min, as in the case of flow without switching, but with the applied electric field under sequential switching. In the case of switching the inlet reservoir was at a steady EOF voltage and the outlet reservoir was at ground for the initial 8 min. Based on the electric field conditions and channel C1 (1.0e+06 beads/ml) C2 (2.0e+06 beads/ml) Linear (C1 (1.0e+06 beads/ml)) Linear (C2 (2.0e+06 beads/ml)) B parameters, the bulk fluid velocity carried the mMBs from the inlet to outlet reservoir in ~2 min. Accordingly, the initial time of 8 min was chosen to allow sufficient number of mMBs to fill the microchannel after being injected into the inlet reservoir and flow initiation. After the initial flow of 8 min, the electric field in the channel was switched (polarity changed) every 3 min. The time of 3 min allowed the uncaptured mMBs downstream of the magnet to return to the capture zone. Due to switching, the flow in the microchannel experienced a reversal in its direction at 8, 11, 14, and 17 min after start (figure 5). Each experiment was repeated three times (n = 3) and the data was plotted for mMB concentrations C 1 and C 2 to assess the variations in fluorescence intensity (pixel count) with electric field. The switching-induced reversal in the EOF field significantly increased the η c in the system (table 2).
Comparison of η c without and with switching.
For flow without switching, the η c decreased with an increase in electric field. A similar trend was observed for flow with switching, as shown in figure 6 . However, for a fixed electric field, switching the flow led to an increase in the η c . Figure 7 shows the relative increase in fluorescence intensity with switching (with respect to without switching) for varying electric fields, at concentrations C 1 and C 2 . These results show the effect of switching on increasing the number of mMBs immobilized in the microchannel and therefore, better η c . The η c improved significantly at both concentrations. There . The results of this relative increase in η c with switching at concentrations C 1 and C 2 are summarized in table 2.
At lower electric fields (100-130 V cm −1 ), most of the mMBs were already immobilized by the magnet. Therefore, the scope for significant improvement in η c was limited to an increase of less than 50%. However, the increase in η c at higher electric fields (150-180 V cm −1 ) was more than ~1.5 times (more than 50%). When the flow was driven without switching at higher electric fields, many of the mMBs evaded capture. Switching the flow brought these escaped mMBs back into the region of higher magnetic field (capture zone) where the magnetic force was able to immobilize them. This is particularly important for design of high throughput devices.
Discussion
The application of EOF to drive the flow in a microfluidic system in conjunction with evaluating the η c of mMBs has not been explored extensively in prior research. In this study we applied the flexibility of changing the flow direction of EOF to improve the η c of mMBs for applications in magnetophoretic immunoassays. In particular, a novel approach of sequential Electric field
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switching of the electric field for controlled EOF was used for better capture of mMBs. Consequently, the experimental outcomes for switching were compared with conventional steady unidirectional flow in the microchannel. Additionally, the present experimental research verified (but, not validated) the concept of electroosmotic switching flow that was reported in our recently published numerical study [18] . The results of our past numerical study and this experimental research are different because the data reported in our numerical research used:
(a) A magnet of size 150 μm × 150 μm. Such a magnet is much smaller than what is available in the market. Instead of using a 150 μm × 150 μm sized magnet, we used a larger 9.5 mm cube NdFeB magnet that is readily available in the market. (b) A distance of 750 μm between the magnet and the microchannel. Such a distance is much smaller than what could be manufactured in a realistic device. Therefore, the tested microfluidic device had an increased distance (5 mm) between the magnet and the microchannel. (c) Further, the computational domain for the numerical study had to be truncated. This was done to ensure that the computation is achieved within the available RAM of the computer (RAM: 8GB, Computer model: Dell).
Capture of mMBs in flow without switching
The variation in the number of mMBs captured with the steady electric field (without switching) showed a significant linear correlation across the two different mMB concentrations. At lower electric fields the mMBs had reduced momentum and were unable to overcome the magnetic force. This led to their increased immobilization in the microchannel. In contrast, at higher electric fields the EOF rate was higher leading to an increase in the velocities of mMBs. These mMBs travelling at higher velocities and momentum overcame the magnetic force exerted by the permanent magnet. As a result, the number of mMBs immobilized in the microchannel decreased with an increase in the applied electric field. The significant decrease in the number of mMBs immobilized at higher electric fields demonstrated the need for improving the η c and reducing the loss of mMBs used in magnetophoretic immunoassays. Real time fluorescent microscopic visualization revealed that mMBs that evaded the capture zone were also pulled towards the magnet. This observation was confirmed by the mMBs moving away from the focal plane of the microscope, causing it to deviate from its original path and appear blurry in the micrographs. Despite the force exerted by the magnet, these mMBs evaded the capture zone and escaped. Therefore, this observation guided the decision to focus on the alternate solution of EOF sequential switching to improve the η c . Driving the flow at lower electric fields may ensure higher η c but will lead to lower throughput (not desirable), a critical design parameter for evaluating the performance of a lab-on-chip device.
Advantages of sequential switching in improving η c
Designing a system with high capture efficiency would improve the sensitivity of the device [41] and lead to shorter detection time for the immunoassay. The primary goal of sequential switching was to minimize the loss of mMBs and improve their η c , especially at higher electric fields. To achieve this, the direction of the EOF in the channel was reversed periodically. The improvements in η c with switching were particularly encouraging at the higher electric fields of 150 V cm −1 and 180 V cm −1 , when compared to the loss of mMBs seen in steady EOF. The average increase in η c at the highest electric field of 180 V cm −1 was nearly twice when switching was implemented. These improvements in η c with switching can be attributed to two major factors: (a) increasing the residence time of the mMBs in the area of higher magnetic fields by pulling the escaped mMBs back to the capture zone during flow reversal, and (b) momentary reduction in EOF velocity during flow reversal [18] , reducing the mMB momentum, and enabling the magnetic force to dominate and immobilize the mMBs.
The limited increase in η c with switching at lower electric fields was due to the already higher η c that was attained for EOF without switching. Replicating the process of switching in pressure driven systems would require additional pumps, complex instrumentation and leak-proof tubing system which may not be trivial to setup. In this study we showed that the method of EOF switching can be implemented by using an easy to seal system that operates near atmospheric pressure while allowing improved η c of mMBs.
Limitations of experiment.
The image processing method used in the study is a relative (indirect) quantification technique for assessing η c because it measures the fluorescent pixel count of immobilized mMBs. It does not quantify the actual number of mMBs captured in the microchannel. Despite treating the channels with a surfactant (Tween 20), a small number of mMBs were still found to adhere to the walls of the microchannel. The agglomeration of mMBs was particularly high near the junction of the inlet reservoir and the entrance region of the microchannel. These unaccounted mMBs have the potential to affect the overall count and performance of the microfluidic system. Also, the η c of the system was not evaluated for electromagnets, which are particularly popular for mMB capture in microfluidic devices used for magnetophoretic immunoassay [14, 26, 27] . As future research, different magnetic configurations and electromagnets can be embedded into the device to evaluate its performance and η c with switching. Subsequently, such a device can be tested for detecting specific pathogens in samples injected into the microchannels for their binding with functionalized mMBs.
Conclusions
In this study we presented an efficient technique of sequential switching which can be used in EOF systems for capture of mMBs using a permanent NdFeB magnet. The EOF was chosen in our system over pressure driven flow because it offered easier control of flow reversal in the microchannel. For the steady EOF (unidirectional flow of mMBs from inlet to outlet), the η c decreased with increase in the driving electric field. In contrast, sequential switching of electric field caused the direction of flow to change periodically. Such a flow reversal caused the previously uncaptured mMBs to return to the capture zone; thus, causing immobilization and improved η c of the mMBs. The captured mMBs were quantified using a fluorescent image processing technique. The sequential switching of flow improved the η c at both higher (150-180 V cm −1 ) and lower (100-130 V cm
) electric fields. The average increase in η c was 54.3% for an mMB concentration of 1 × 10 6 beads ml −1 (C 1 ) and 41.6% for a concentration of 2 × 10 6 beads ml −1 (C 2 ). These improvements were particularly significant at higher electric fields where the η c with switching was, on average, ~70% more compared to flow without switching. The technique of sequential switching of EOF can reduce the loss of samples used in magnetophoretic immunoassays for applications in high throughput microfluidic devices. In conclusion, mMB capture with flow switching can enable the fabrication of efficient microfluidic devices for high throughput screening.
Zeta potential (ζ) is the electric potential difference between the charged microchannel walls and the electrolyte solution or buffer. Zeta potential is an important parameter which determines the EOF rate when an external electric field is applied [52] [53] [54] [55] . To measure the zeta potential in our microchannel, PBS with concentrations of 20 mM and 10 mM were added to the inlet and outlet reservoirs, respectively. The choice of buffer concentrations (10 mM, 20 MM) to quantify the zeta potential was based on a previous study [56] . When an external electric field was applied, EOF was initiated from the inlet to the outlet reservoir in the microchannel. As a result, the higher concentration buffer (20 mM) replaced the lower concentration buffer (10 mM) in the microchannel, increasing the conductivity of the media and leading to an increase in the EOF current ( figure A1 ).
Using equation (1) by Sze et al [45] , the zeta potential of our PDMS-Glass microchannel was evaluated as shown below: 
where μ is viscosity of the media (N·s m −2 ), Slope is the slope of the EOF current versus time curve shown in figure A1 , L is the microchannel length (m), ε r is relative permit tivity of media, ε o is the vacuum permittivity (C V −1 ·m −1 ), E z is Figure A1 . Variation of EOF current with time as the 20 mM PBS replaced the 10 mM PBS in the microchannel. The slope of this curve was used for calculating the zeta potential (ζ) at the microchannel wall. [45] PDMS-glass −92 mV to −49 mV Almutairi et al [46] Fluoropolymer-glass −97 mV to −42 mV
Werner et al [47] PDMS-silica −95 mV Al-Rjoub et al [36] the electric field across the microchannel (V m −1 ), A cross is the cross-sectional area of the microchannel (m 2 ), λ b2 is the bulk conductivity (S m −1 ) of the higher concentration solution (20 mM buffer), and λ b1 is the bulk conductivity (S m −1 ) of the lower concentration solution (10 mM buffer).
Based on the values of these parameters, summarized in table A1, the zeta potential of the PDMS-glass microchannel in our study was determined to be −95.6 mV. This value of zeta potential was similar to the values reported in literature [36, [45] [46] [47] , as shown in table A2.
Appendix B. Characterization of captured fluorescent mMBs
One of the methods to measure the η c of mMBs is to assess the fluorescence intensities of the images taken under a fluorescence microscope [57] . The fluorescent images in our experiment, obtained from MetaMorph software, were characterized and quantified using image processing tools in MATLAB. After importing these images ( figure 2(a) ) into the software, the number of pixels in the image with red-greenblue (RGB) values above a given threshold was computed by an algorithm. The threshold for RGB was set to (200,200,200) (254,254,254: pure white; 0,0,0: pure black). This threshold was determined by placing the mMB samples on a glass slide, and measuring the RGB values in the center of the magnetic microbeads from the fluorescent images. The results were also analyzed at a threshold of (120,120,120). It was seen that changing the threshold did not have any effect on the correlations of fluorescence pixel count with the applied electric field. The fluorescence of the mMBs discussed in this paper is with respect to the pixel count from the output of the image processing step.
